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ABSTRACT

On the one hand, lensless imaging technology has become one of the key technologies to achieve point-of-care testing; on the other hand,
microfluidic technology has shown great application potential in the field of biological detection. Using mainstream lensless imaging technol-
ogy to achieve biological cell imaging in microfluidic chips has technical limitations. In particular, it is more difficult to achieve lensless
imaging for non-spherical cells in microfluidic chips such as red blood cells. Achieving red blood cell recognition and posture estimation in a
microfluidic chip under the lensless imaging, combined with mainstream lensless imaging technology, can provide more effective red blood cell
morphological parameters for medical diagnosis. In this paper, the method for red blood cell recognition and posture estimation in microflui-
dic chips based on lensless imaging is given. First, the relevant theoretical basis is introduced. Then, the models of red blood cell recognition
and posture estimation in microfluidic chips based on lensless imaging are given. The effect of red blood cell flipping on lensless imaging is
analyzed in the modeling process. Finally, the effectiveness of the proposed method is verified by experiments. Experiments show that the
proposed method can well achieve red blood cell recognition and posture estimation through the shape characteristics of red blood cells.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0050381

I. INTRODUCTION

Complete blood count (CBC) is one of the common blood
tests prescribed by doctors for clinical diagnosis and prognosis.1

Today’s CBC is no longer a simple function of counting red blood
cells (RBCs), white blood cells (WBCs), and platelets (PLTs) but
a comprehensive detection of blood cells. For example, in the
International Council For Standardization in Haematology (ICSH)
2014 guidelines for the evaluation of blood cell analyzers, parame-
ters related to RBC size, such as the RBC distribution width
(RDW), are also established as a part of a CBC.2 We believe that
with the development of technology, more CBC parameters will be
provided to help medical diagnosis.

Point-of-care testing (POCT) is defined as medical diagnostic
testing at or near the point of care, that is, at the time and place of
patient care.3 How to achieve a CBC in POCT is very important,
and it is also a research hotspot in recent years.4–6 Currently, auto-
matic hematology analyzers (AHAs) are extensively employed for
CBC. The flow cytometer is the most representative equipment
among AHAs. It is usually placed in centralized facilities and
shared by many users due to their large size and significant cost for
maintenance. It is not suitable for POCT.7

In recent years, with the development of microfluidics-based
lab-on-a-chip (LOC) technology, a compact, low-cost, and
easy-to-use AHA, which is suitable for POCT, has become
possible.8–11 This technology relies on traditional microscopes as
imaging systems, which greatly increases equipment costs and
limits equipment portability.12 The maturity of lensless imaging
systems has brought hope to replace traditional microscopes in
LOC technology.13,14 Figure 1 shows a typical lensless imaging
system. An RBC is placed directly on a CMOS image sensor
(CIS), and a diffraction image of the RBC is formed on the
CIS.15–17

The research hotspot of lensless imaging is how to obtain
the information of the observed object through diffraction image.
The existing diffraction image processing technology mainly has
two technical routes: one is the lensless microscope technology
based on holographic reconstruction,18–20 and the other is the
cytometer technology based on diffraction fringes to obtain cell
characteristics.21–25 For the extremely low resolution of lensless
imaging, both technologies present great challenges. Particularly,
when the microfluidic chip is introduced, the imaging of moving
cells will bring further difficulties.

Biomicrofluidics ARTICLE scitation.org/journal/bmf

Biomicrofluidics 15, 034109 (2021); doi: 10.1063/5.0050381 15, 034109-1

Published under an exclusive license by AIP Publishing

https://doi.org/10.1063/5.0050381
https://doi.org/10.1063/5.0050381
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0050381
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0050381&domain=pdf&date_stamp=2021-05-28
http://orcid.org/0000-0002-4979-5559
mailto:lijw@xaut.edu.cn
mailto:yunm@xaut.edu.cn
https://doi.org/10.1063/5.0050381
https://aip.scitation.org/journal/bmf


When biological cells move in a microfluidic chip, the cells
will flip, which has a great impact on the image processing of lens-
less imaging. The longitudinal resolution of the holographic recon-
struction technology is much smaller than the lateral resolution,26

and it is difficult to deal with measurement errors caused by cell
flipping. The cytometer technology based on diffraction fringes
can only obtain lateral edge information,22,23 not to mention the
problem of cell flipping. Particularly for non-spherical cells like
RBCs, their three-dimensional morphology is of great significance
for medical diagnosis. RBCs are typically shaped as biconcave disks,
but due to diseases, some RBC morphologies will change. For
example, abnormal RBC morphology has been one of the important
diagnostic basis for anemia.27 Particularly, under the condition of
lensless imaging, hereditary RBC membrane disorders28–31 such as
hereditary spherocytosis need to be diagnosed through the three-
dimensional morphology of RBCs. By determining the RBC posture,
and obtaining the diffraction image in this posture, the morphologi-
cal information of RBCs in a specific posture can be obtained, which
is an advantage that the planar lensless imaging does not have.
Therefore, under the condition of lensless imaging, in a microfluidic
chip, identifying the RBCs and determining the posture of the RBCs
have important research significance. It can be combined with the
existing diffraction image processing technology to more effectively
determine the morphological parameters of RBCs.

In this paper, the relevant theoretical basis is introduced at
first. Then, the models of RBC recognition and posture estimation
in a microfluidic chip based on lensless imaging are given. The
effect of RBC flipping on lensless imaging is analyzed in the model-
ing process. At last, the effectiveness of the proposed method is
verified by experiments. Experiments show that the proposed
method can well achieve RBC recognition and posture estimation
through the shape characteristics of RBCs.

II. THEORETICAL FRAMEWORK

To make the proposed method suitable for POCT, we use the
relationship between the RBC edge and the diffraction pattern to
build a model to realize the recognition and pose estimation of the
RBC. Generally, in a typical lensless imaging system, the distance
between the cell and the imaging plane is approximately hundreds
of micrometers to millimeters. The light source generally adopts a
monochromatic visible light source, and its light wavelength is
approximately several hundreds of nanometers. According to dif-
fraction theory, the spectral linewidth of the diffraction pattern of a
RBC is larger than the diameter of the RBC, so the diffraction
pattern is the result of the multi-position diffraction superposi-
tion.22,23 The shape of RBCs is not a perfect circle or a regular
ellipse. As a result, we can only use single-edge diffraction theory
instead of circle or ellipse diffraction theory for modeling.

A. Fresnel diffraction at a straight edge

As shown in Fig. 2, P0 is a monochromatic point light source.
P is an imaging point on an image plane. O is the origin of coordi-
nates, and (ξ, η) is the coordinate of the point Q on the small hole.
r and s are the distances from the origin of the coordinates to
points P0 and P, respectively. r0 and s0 are the distances from Q to
points P0 and P, respectively. Based on the Fresnel–Kirchhoff
diffraction integral, if the conditions shown in (1) are true, the
Fresnel–Kirchhoff diffraction can be approximated as Fraunhofer
diffraction; otherwise, it can only be approximated as Fresnel
diffraction,32

jr0j � (ξ2 þ η2)max

λ
and js0j � (ξ2 þ η2)max

λ
, (1)

where λ is the optical wavelength.
Both theory and practice have proved that the Fresnel diffrac-

tion at a straight edge can well describe the relationship between
the position of the diffraction edge and the intensity of the diffrac-
tion fringe.22,23 If the diffraction occurs on a semi-infinite plane
bounded by a sharp straight edge, the light intensity at the imaging

FIG. 1. Typical lensless imaging system. An RBC is placed directly on a CIS,
and only a diffraction image of RBCs can be formed on the CIS.

FIG. 2. Fresnel–Kirchhoff diffraction. P0 is a monochromatic point light source.
P is an imaging point on an image plane. O is the origin of coordinates, and
(ξ, η) is the coordinate of the point Q on the small hole. r and s are the dis-
tances from the origin of the coordinates to points P0 and P, respectively. r 0 and
s0 are the distances from Q to points P0 and P, respectively.
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plane can be expressed as32

Istr ¼ 1
2

1
2
þ C(w)

� �2
þ 1

2
þ S(w)

� �2( )
I0, (2)

where I0 is average light intensity and C(w) and S(w) are known as
Fresnel’s integrals, which can be expressed as

C(w) ¼ Ð w
0 cos

π

2
τ2

� �
dτ,

S(w) ¼ Ð w
0 sin

π

2
τ2

� �
dτ,

9>=
>; (3)

and w can be expressed as

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
λ

1
r0
þ 1
s0

� �s
x: (4)

B. Diffracted light intensity model at an arc edge

According to the Huygens–Fresnel principle, every point of a
wave-front may be considered a center of a secondary disturbance,
which gives rise to spherical wavelets. The wave-front at any later
instant may be regarded as the envelope of these wavelets, and the
secondary wavelets mutually interfere.32 If the diffraction of an
arbitrary point on an arc edge can be regarded as the diffraction on
the tangent line of that point, the Fresnel diffraction at a straight
edge can well describe the relative positional relationship between
the arc edge and the diffraction fringe. Every point of a wave-front
may be considered as a center of a secondary disturbance, which
gives rise to spherical wavelets. There is no significant difference in
the secondary wavelets mutually interfere of the straight edge dif-
fraction and the arc edge diffraction. That is, using the straight
edge diffraction theory approximation will not significantly change
the position information of the diffraction fringe to the arc
edge.22,23 But for the diffracted light intensity, an arc edge diffrac-
tion has a larger diffusion space, so the diffracted light intensity
has a greater attenuation than the diffracted light intensity at a
straight edge.

Therefore, based on the Fresnel diffraction at a straight edge,
the intensity distribution considering the amplitude attenuation
can be expressed as

Iarc ¼ αIstr þ (1� α)I0, (5)

where α is the attenuation coefficient. According to the difference
in the integral area of the arc edge diffracted light intensity and the
straight edge diffracted light intensity, we can get

ð2π(Rarcþx)

0
Iarc(x)dl ¼

ð2πRarc

0
I(x)dl, (6)

where Rarc is the radius of the arc edge and x is the distance from
the center of the arc. So, the attenuation coefficient α can be

expressed as

α ¼ Iarc � I0
I � I0

¼ Rarc

x
: (7)

C. Effects of superposition of diffraction fringes

Under typical lensless imaging conditions, the radius of the
first bright ring of the RBC diffraction pattern is approximately
10–20 μm, while the radius of the RBC is approximately 3–4 μm.
Therefore, the RBC diffraction pattern must be the multi-position
diffraction superposition.

Figure 3 is a schematic diagram of diffraction intensity curve
superposition of an RBC. The distance between the two positions
where the diffraction superposition occurs is d, which is also the
diameter of the RBC. LF and LB are the diffraction light intensity
curves produced by the front edge and the back edge, respectively.
L is the light intensity curve after superposition. It is clear that the
superposition of the diffraction of the two arc edges is conditional.
The condition is that the tangents of the two diffraction points
must be parallel, and their normals must coincide.

According to the size characteristics of RBCs, we only discuss
the case where the first peak of L is generated by the superposition
of the first peaks of LF and LB. I is the light intensity of the first
peak of the curve L, which has two clear characteristics: one is
that as the arc edge distance d increases, I will decrease; the other is
that as the arc edge radius increases, I will increase. These two
characteristics are very important for RBC recognition and posture
estimation.

III. RBC POSTURE MODELING

The Fresnel–Kirchhoff diffraction formula can describe the
formation mechanism of diffraction very well. As shown in Fig. 2, a
point source P0, which considers a monochromatic wave, propa-
gates through an opening in a plane opaque screen. The total

FIG. 3. Schematic diagram of diffraction intensity curve superposition of an
RBC. The distance between the two positions where the diffraction superposition
occurs is d, which is also the diameter of the RBC. LF and LB are the diffraction
light intensity curves produced by the front edge and the back edge, respec-
tively. L is the light intensity curve after superposition.
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disturbance at P, which is the light disturbance to be determined, is
given by32

U(P) ¼ � i cos δ
λ

Aeik(r
0þs0)

r0s0

ðð
A
eikf (ξ,η)dξdη, (8)

where δ is the angle between the line P0P and the normal to the
screen. Based on the principle of the method of stationary
phase,32 as the point (ξ, η) explores the domain of integration, the
function f (ξ, η) will change by very many wavelengths, so that

both the real and imaginary parts of the integrand will change
sign many times. In consequence, the contributions from the
various elements will in general virtually cancel each other out
(destructive interference). The situation is, however, different for
an element, which surrounds a point (called critical point or
pole) where f (ξ, η) is stationary. Here, the integrand varies much
more slowly and may be expected to give a significant contribu-
tion. The intensity distribution of the diffraction pattern depends
on choosing a path of integration in such a way that the inte-
grand, by virtue of its exponential factor, contributes negligibly to
the integral except in the vicinity of certain critical points, these
being either saddle-points or end points of the path of
integration.

As show in Fig. 4, a flipped RBC model is described, and the
top view can also be considered an edge model that produces dif-
fraction. There are two typical situations in the saddle-point for-
mation of the diffraction integral path. One is the saddle-point
affected by the flip, such as B and B0, and the other is the saddle-
point not affected by the flip, such as A and A0. Obviously, due to
flipping at points B and B0, the saddle-point disturbance will
increase.

Figures 5(a) and 5(b) correspond to the schematic diagrams
of the light intensity distribution of the first bright ring of the
RBC diffraction pattern without considering the effect of flipping
on the saddle-points and considering the effect of flipping on the
saddle-points, respectively. Curves (a)–(d) correspond to the four
postures in Fig. 4. Without considering the effect of flipping on
the saddle-points, the light intensity distribution of the first
bright ring of the diffraction pattern depends on the arc edge
radius. When considering the effect of flipping on the saddle-
points, for the flipping to introduce additional disturbances at the
saddle-points B and B0, the diffracted light intensity of these
points will decrease sharply. Since the shape of the RBCs is a
biconcave disk, in posture (d), the saddle-points at positions A
and A0 will disappear, and the light intensity will decrease
sharply.

FIG. 4. Schematic diagram of flipped RBC modeling. (a) RBC is parallel to the
imaging surface. (b) RBC is inclined to the imaging surface at a small angle.
(c) RBC is inclined to the imaging surface at a large angle. (d) RBC is
perpendicular to the imaging surface. The top view can be considered an edge
model that produces diffraction. A and A0 are the saddle-points not affected by
the flip. B and B0 are the saddle-points affected by the flip.

FIG. 5. (a) Schematic diagram of the light intensity distribution of the first bright ring of an RBC without considering the effect of flipping on the saddle-points.
(b) Schematic diagram of the light intensity distribution of the first bright ring of an RBC considering the effect of flipping on the saddle-points. Experiments prove that
(b) is in line with the actual situation.
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IV. MODEL VERIFICATION AND USAGE

A. Experimental system

As shown in Fig. 6, the system consists of two subsystems,
namely, the imaging subsystem and the image processing subsys-
tem. Figure 6(a) is the imaging subsystem. It includes a light source
and a CIS. To avoid the influence of ambient light, they are placed
in a dark room. The size of the imaging subsystem is approximately
5 * 5 * 11 cm. To simplify the calculation, a parallel light source is
used in the experiment, as shown in Fig. 6(c). It uses a monochro-
matic point light source and a convex lens to obtain the parallel
light. Figure 6(d) is an imaging module. A CIS model MT9P031 is
used. The resolution is 1944 * 2592 and the pixel size is 2.2 μm.
Figure 6(e) shows a microfluidic chip placed on the CIS in the
experiment. The microfluidic chip used in the experiment is shown
in Fig. 6(f), with three inlets and one outlet. The inlet in the
middle is used to input the sample, and the inlets on both sides are
used to input the sheath fluid. To have better portability of the
system, an embedded computer is used for an image processing
subsystem, as shown in Fig. 6(b). The embedded computer is com-
posed of an ARM Cortex-A53 eight-core processor, 2GB DDR3
SDRAM, 32GB flash memory, and 7-in. LCD screen.

B. Robustness verification of light intensity model

The diffracted light intensity model at an arc edge is used to
achieve the RBC recognition and posture estimation in microfluidic

chip based on lensless imaging. The degree of dependence of the
light intensity model on the stability of the light source intensity
directly affects the robustness of the algorithm. Therefore, we first
verify the influence of light intensity on the model.

As shown in Fig. 7, the monodisperse polystyrene micro-
spheres of 6 and 7 μm are imaged by a lensless imaging system
under non-uniform light intensity. The light intensity of the first
bright ring of the diffraction pattern of the microspheres is used to
verify the validity and robustness of the diffracted light intensity
model at an arc edge. Figure 8 shows the absolute brightness of the

FIG. 6. The experiment system. (a) is the imaging subsystem. It includes a light
source and a CIS. To avoid the influence of ambient light, they are placed in a
dark room. (b) is an embedded computer is used for image processing subsys-
tem. (c) is a device for obtaining parallel light sources. (d) is the imaging
module. A CIS model MT9P031 is used. The resolution is 1944 * 2592 and the
pixel size is 2.2 μm. (e) shows a microfluidic chip placed on the CIS in the
experiment. ( f ) is the microfluidic chip used in the experiment, which has three
inlets and one outlet. The inlet in the middle is used to input the sample, and
the inlets on both sides are used to input the sheath fluid.

FIG. 7. Partial view of lensless imaging of microspheres under non-uniform
light source. The light intensity of the first bright ring of the diffraction pattern of
the microspheres can be used to verify the validity and robustness of the dif-
fracted light intensity model at an arc edge. (a) 6 μm microspheres; (b) 7 μm
microspheres.

FIG. 8. The absolute brightness of the first bright ring of the diffraction pattern
of 6 and 7 μm microspheres. Due to the non-uniform light source, the brightness
of the first bright light ring of the diffraction pattern is distributed in almost the
entire brightness range, regardless of whether the microspheres are 6 or 7 μm.
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first bright ring of the diffraction pattern of 6 and 7 μm micro-
spheres. Due to the non-uniform light source, the brightness of the
first bright light ring of the diffraction pattern is distributed in
almost the entire brightness range, regardless of whether the micro-
spheres are 6 or 7 μm. Correspondingly, as shown in Fig. 9, if the
relative light intensity is used, it is easy to distinguish between
6 and 7 μm microspheres by the brightness of the first bright ring
of the diffraction pattern. It shows that the diffracted light intensity
model at an arc edge of is valid. The result of the model is indepen-
dent of the intensity of the light source, indicating that the model
has good robustness.

It should be noted that according to the diffracted light inten-
sity model at an arc edge, the brightness of the first bright ring of
7 μm microspheres should be greater than that of 6 μm micro-
spheres. This is inconsistent with what is shown in Fig. 9. In fact,
this reflects the effect of the superposition of diffraction fringes.
This conclusion can be easily verified by the superposition of two
arc-side diffraction.

C. RBC recognition and posture estimation

As shown in Fig. 6(f ), to realize RBC recognition and posture
estimation, we used a microfluidic chip made of polydimethylsilox-
ane (PDMS) with three inlets and one outlet as the microchannel.
The width of the microchannel is ∼250 μm. The flow rate of the
sheath fluid at the inlets on both sides is ∼1.2 μl/min, and the flow
rate of the RBC sample at the middle inlet is ∼0.7 μl/min. The dilu-
tion ratio of the RBC sample is ∼1:50 000. Under this experimental
condition, the average throughput of cells is ∼7 cells per second.
The CIS collects images at 60 frames per second.

Figure 10 shows the Image processing flow for the RBC rec-
ognition and posture estimation. It includes the following steps:
(1) Remove background. First, we need to cache several pictures

to obtain a clean background picture and then make a difference
to obtain a cell diffraction image without background; (2) Image
segmentation. Find the diffraction pattern of the cells in each
frame of image and segment them into sub-pictures; (3) Tracking
and sorting. Track the diffraction pattern of the same cell in
each frame of image and sort them; (4) Extract the characteristic
information of the cell diffraction pattern. We need to obtain
the relative brightness of the first bright ring of the diffraction
pattern of the characteristic position of each sub-picture, which
can be used for red blood cell recognition and pose estimation;
(5) RBC recognition and posture estimation. Under current con-
ditions, the image processing flow can realize real-time process-
ing, which means that each frame of image can be processed
within 1/60 s.

The diffraction patterns in Fig. 11 are the diffraction images of
five randomly selected RBCs obtained every 15 frames and k is the
start frame. The common feature of these diffraction patterns is
that the first bright ring has two light intensity minimum points in
the approximate x axis direction and two light intensity maximum
points in the approximate y axis direction. According to the previ-
ous analysis, we know that the two minimum light intensity points
are caused by RBC flipping. The two maximum light intensity
points should conform to the diffraction light intensity model at an
arc edge considering the influence of diffraction superposition.
Obviously, this light intensity characteristic of the first bright ring
of the diffraction pattern is caused by the dish-shaped structure of
RBCs, which can be used for RBC recognition. Figure 12 shows the

FIG. 10. The image processing flow for RBC recognition and posture estima-
tion. It includes (1) remove background; (2) image segmentation; (3) tracking
and sorting; (4) extract the characteristic information of the cell diffraction
pattern; and (5) RBC recognition and posture estimation.

FIG. 9. The relative brightness of the first bright ring of the diffraction pattern of
6 and 7 μm microspheres. For the relative light intensity is used, it is easy to
distinguish between 6 and 7 μm microspheres by the brightness of the first
bright ring of the diffraction pattern.
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light intensity distribution of the first bright ring of the diffraction
pattern of No. 1 RBC at different times.

As shown in Fig. 4, since the shape of the RBCs is a biconcave
disk, in posture (d), the saddle-points at positions A and A0 will
disappear, and the light intensity will decrease sharply. A and A0

correspond to the maximum light intensity points of the first
bright ring of the diffraction pattern. Therefore, when the
maximum light intensity of the first bright ring decreases sharply,
it indicates that the RBC disk surface is parallel to the direction

of the light source. This feature can be used for RBC posture
estimation.

As shown in Fig. 12, Curve k + 45 represents the situation
where the RBC disk surface and the light source are approximately
parallel, and the maximum value of the light intensity decreases
sharply. Figure 13 shows the dynamic change of the maximum
brightness of the first bright ring of the diffraction pattern as the
RBCs are flipped in the microfluidic chip. Obviously, between
every two minimum values, the RBCs have flipped 180°.

The frame numbers corresponding to the two minimum light
intensity values are k1 and k2, and k2 . k1. If the position of the
RBC dish surface parallel to the light source direction is defined as
the initial position, the flip angle of the RBC in the ith frame is

βi ¼
180

k2 � k1
(i� k1): (9)

For the extremely low resolution of lensless imaging, noise has a
great influence on the image quality. Therefore, in practice, it is
necessary to perform a filtering operation on the data shown in
Fig. 13 to reduce the influence of noise and improve the accuracy
of k1 and k2. It is clear that increasing the image frame rate and
reducing the RBC flip speed can improve the measurement accu-
racy of the flip angle.

V. CONCLUSION

The proposed method can well achieve RBC recognition and
posture estimation through the shape characteristics of RBCs. It
can make up for the shortcomings of the existing mainstream lens-
less imaging technology in RBC imaging in the microfluidic chip.
Since the RBCs in the microfluidic chip are flipped, only obtaining
the planar image of the biconcave disk RBCs cannot fully charac-
terize the RBC morphology. This paper points out for the first time

FIG. 12. Light intensity distribution of the first bright ring of the diffraction
pattern of No. 1 RBC at different times. Curve k + 45 represents the situation
where the RBC disk surface and the light source are approximately parallel, and
the maximum value of the light intensity decreases sharply.

FIG. 11. Lensless imaging of RBCs at different times in a microfluidic chip. The
diffraction patterns are the diffraction images of five randomly selected RBCs
obtained every 15 frames. The common feature of these diffraction patterns is
that the first bright ring has two light intensity minimum points in the approximate
x axis direction, and two light intensity maximum points in the approximate
y axis direction.

FIG. 13. The light intensity fluctuation at the maximum point of the first bright
ring of the diffraction pattern caused by the flipping of RBCs. Between every
two minimum values, the RBCs have flipped 180°.
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that the light intensity of the diffraction fringe of the lensless
imaging of the RBCs in the microfluidic chip is affected by the
RBC flipping, rather than the simple lensless imaging of the RBCs
in a static posture. Combining the characteristics of the shape of
RBCs, this paper presents a method of RBC recognition in a micro-
fluidic chip under lensless imaging and also gives the posture esti-
mation algorithm of the RBCs in the microfluidic chip at any time.
All of these are proved to be effective through experiments.
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